Two experiments compared the effects of depth of processing on working memory (WM) and long-term memory (LTM) using a levels-of-processing (LOP) span task, a newly developed WM span procedure that involves processing to-be-remembered words based on their visual, phonological, or semantic characteristics. Depth of processing had minimal effect on WM tests, yet subsequent memory for the same items on delayed tests showed the typical benefits of semantic processing. Although the difference in LOP effects demonstrates a dissociation between WM and LTM, we also found that the retrieval practice provided by recalling words on the WM task benefited long-term retention, especially for words initially recalled from supraspan lists. The latter result is consistent with the hypothesis that WM span tasks involve retrieval from secondary memory, but the LOP dissociation suggests the processes engaged by WM and LTM tests may differ. Therefore, similarities and differences between WM and LTM depend on the extent to which retrieval from secondary memory is involved and whether there is a match (or mismatch) between initial processing and subsequent retrieval, consistent with transfer-appropriateprocessing theory.
The construct of working memory (WM) has become central to theories that attempt to understand a wide range of cognitive functions. Individual differences in WM capacity have been found to be related to numerous areas of higher order cognition including language comprehension (Daneman & Carpenter, 1980; Gathercole & Baddeley, 1993; Just, Carpenter, & Keller, 1996) , mathematics (Hitch, 1978; Logie & Baddeley, 1987) , reasoning (Engle, Tuholski, Laughlin, & Conway, 1999; Kane et al., 2004; Kyllonen & Christal, 1990) , and complex learning (Kyllonen & Stephens, 1990; Shute, 1991) . The ubiquity of associations found between WM capacity and higher order cognitive function has led some to even refer to it as "the hub of cognition" (Haberlandt, 1997, p. 212) . There is no consensus in the literature, however, as to exactly what the construct of WM represents, and how it should be distinguished from other memory constructs, that is, short-term memory (STM) and long-term memory (LTM).
On the Distinction Between Memory Systems and Some Messy Terminology
Early models of memory made clear distinctions between shortterm and long-term stores. In 1890, based purely on introspection, William James distinguished between primary and secondary memory. Primary memory reflects the current contents of consciousness, whereas secondary memory consists of memory of the distant past that must be brought back into consciousness by a retrieval process. This distinction was maintained in influential memory models developed by experimental psychologists (e.g., Atkinson & Shiffrin, 1968; Waugh & Norman, 1965) and is supported by a substantial body of evidence, including observations of neuropsychological cases (Milner, 1966; Shallice & Warrington, 1970) , and patterns of serial position effects (e.g., Glanzer, 1972; Murdock, 1962) .
The construct of WM evolved to capture a more dynamic STM system than that denoted by the construct of primary memory (Baddeley & Hitch, 1974) . As Baddeley (1986) pointed out, "The term working memory implies a system for the temporary holding and manipulation of information during the performance of a range of cognitive tasks such as comprehension, learning, and reasoning" (pp. 33-34) .
How theories distinguish between memory systems is complicated by the lack of clarity and consistency in the terminology that researchers have used over the years. Craik and Lockhart (1972) recommended that the terms used when referring to theoretical constructs be clearly distinguished from the procedures used for measuring those constructs (see also Tulving, 1983a Tulving, , 1983b Tulving, , 2000 . They suggested, for example, that the terms STM and LTM be used to refer to tasks and procedures (e.g., immediate and delayed tests) that emphasize the involvement of the primary and secondary memory systems, respectively.
Where then does the term WM fit in? Many researchers have tried to incorporate it within previously conceived memory systems simply by combining terms-that is, short-term working memory (cf. Neath, Brown, Poirier, & Fortin, 2005) and long-term working memory (Ericsson & Kintsch, 1995) -although whether such compound terms refer to procedures, constructs, or functions is often unclear. Despite being originally developed out of the concept of a system for STM, the concept of WM, as instantiated in several recent models, is intimately related to LTM (Cowan, 1999; Ericsson & Kinstch, 1995; Oberauer, 2002; Unsworth & Engle, 2007a) . Indeed, Baddeley (2000) recently suggested that WM provides an interface between STM and LTM, and has modified his original model by adding a new component, the episodic buffer, to accommodate the way in which WM and LTM interact.
Some researchers (e.g., Cowan, 1999) have conceptualized the relation between WM and LTM as one in which WM is actually a subset (i.e., the currently activated portion) of LTM. According to Cowan's (1999) embedded-process model of WM, the capacity of the focus of attention (a construct similar to William James's, 1890, description of primary memory) is limited to four chunks of information, and all other items in WM reside within, and must be retrieved from, the activated portion of LTM. Similar to Cowan (1999) , Oberauer (2002) has proposed a concentric model of WM. In Oberauer's model, information in memory may exist in different states of accessibility. A limited number of chunks may be within a state of direct access and other, recently activated information remains in a passive state of readiness within LTM. Importantly, because LTM is not constrained by the same capacity limits as the focus of attention or the region of direct access, reliance upon LTM may appear to expand the capacity limitations of WM (Cowan, 1999; Ericsson & Kintsch, 1995; Oberauer, 2002) .
More recently, Unsworth and Engle (2006 , 2007a , 2007b ) have suggested that, in addition to a primary memory component, many immediate memory tasks (e.g., WM span tasks) also involve retrieval from a secondary memory component. For example, complex span tasks (e.g., operation span) require participants to perform a secondary processing task (e.g., solving math problems) interleaved between presentation of items to be immediately recalled. According to Unsworth and Engle's dual-component model, such secondary tasks require that participants temporarily switch attention away from maintaining items in primary memory. Thus, at least some of these items must be retrieved from secondary memory (Unsworth & Engle, 2007a) . In contrast, simple span tasks (e.g., digit span) capture the ability to maintain a list of items in, and report them directly from, primary memory. This is the case unless the list exceeds approximately four chunks, at which point both primary and secondary memory abilities are involved (Unsworth & Engle, 2006) . Taken together, these recent models (Baddeley, 2000; Cowan, 1999; Oberauer, 2002; Unsworth & Engle, 2007a ) reflect a growing consensus that WM tasks are not solely dependent on either system, thus placing WM at the intersection of STM and LTM, or the primary and secondary memory systems (see also Mogle, Lovett, Stawski, & Sliwinski, 2008; Unsworth, 2009 ).
The present study addresses the relation between WM and LTM by comparing how they are affected by a manipulation known to affect LTM: levels of processing (LOP; Craik & Lockhart, 1972) . That is, one characteristic of LTM is that it is highly sensitive to the qualitative depth with which memory items are processed when they are initially encoded. For example, it is well established that conceptual (semantic) processing at encoding leads to superior long-term retention on most episodic memory tests, relative to processing that focuses on more structural aspects of the memory items, such as phonological or visual features (Craik & Lockhart, 1972; Craik & Tulving, 1975; Hyde & Jenkins, 1973; Roediger, Gallo, & Geraci, 2002) . Thus, if the performance of a WM span task depends in part on retrieval from secondary memory, it would seem to follow that the type of processing at encoding should affect performance on a WM span task in the same way that it affects delayed memory tests. More specifically, if one designs a WM span task in which the secondary task involves varying LOP, then one might expect deeper (semantic) processing to result in better immediate recall (i.e., increased WM span) than if the secondary task focuses attention on more structural aspects of the memory items (e.g., phonological or visual features).
Secondary processing tasks on WM span tasks typically reduce spans below levels observed on simple storage tasks (e.g., Engle et al., 1999; Hale, Myerson, Rhee, Weiss, & Abrams, 1996; Unsworth & Engle, 2007b) . Having to perform a secondary processing activity may disrupt the ability to actively maintain a list of to-be-remembered items by interrupting rehearsal (Baddeley, 1986) or by displacing the items from the focus of attention (Cowan, 2005) . It should be noted, however, that the secondary tasks used with most WM span procedures (e.g., operation span) do not manipulate the way in which the to-be-remembered information is processed. In fact, we know of only one study (Mazuryk & Lockhart, 1974 ) that has had participants perform an immediate memory task similar to present-day simple and complex WM tasks with conditions that manipulated the depth of processing of the to-be-remembered items. Mazuryk and Lockhart (1974) presented participants with five words for immediate free recall. Participants were instructed that, following presentation of each to-be-remembered word, they were to process that word in one of four different ways, depending on the condition: either rehearse the word silently, rehearse the word overtly, generate a rhyme (shallow processing), or generate a semantic associate (deep processing). The two rehearsal conditions both produced near-perfect immediate recall, which was considerably better than performance for the two conditions with a secondary processing demand (rhyme or semantic generation). Interestingly, the two conditions that most closely resembled a complex WM span task with deep versus shallow processing requirements failed to show an LOP effect. That is, generating a semantic associate (semantic processing) did not produce significantly better immediate recall than generating a rhyme (phonological processing). After performing several trials of immediate recall, participants were given a delayed free recall or recognition test on all of the studied words. Semantic processing, despite producing immediate recall performance that was equivalent to phonological processing and worse than either covert and overt rehearsal, resulted in performance superior to all other conditions on both delayed recall and delayed recognition tests.
If it is true that performance of WM tasks involves retrieval from secondary (long-term) memory, then one might expect processing tasks that manipulate the depth to which memory items are processed to affect performance on WM and LTM tasks in the same way. On the other hand, if the nature of retrieval differs for WM and LTM tasks, then an LOP manipulation may affect performance on the two tasks differently. The dissociation between LOP effects on immediate recall and LTM shown by Mazuryk and Lockhart (1974) is clearly consistent with the latter interpretation.
Although recent research suggests retrieval from secondary memory is involved in performance of WM tasks, task dissociations between WM and LTM tasks of the sort shown by Mazuryk and Lockhart (1974) may be accommodated within the transferappropriate-processing theory of memory (Morris, Bransford, & Franks, 1977) . Even if both WM and LTM tasks involve retrieval from the same secondary memory system, the demands of WM tasks may bias the use of processes that would be less appropriate for LTM tasks. Whereas rehearsal and the use of more transient cues (e.g., acoustic, temporal) tend to be sufficient for WM tests (Mazuryk & Lockhart, 1974) , LTM tests typically involve sets of to-be-remembered material that are too large, and delays that are too long, for the same type of retrieval processes to be effective. Rather, more durable semantic cues tend to produce optimal LTM retrieval (Craik & Lockhart, 1972; Craik & Tulving, 1975) . Put simply, WM and LTM tasks may involve retrieval from the same secondary memory system, yet their retrieval processes may differ. As a result, differences in the effects of many variables (e.g., LOP) may be expected.
Because recent theories assume that WM involves retrieval from secondary (long-term) memory, we set out to examine similarities and differences between retrieval in a new WM task and in a standard LTM task (delayed recognition) as a function of an LOP manipulation. Two experiments addressed this issue. Experiment 1 assessed the effect of LOP on WM and LTM (subsequent recognition for the same items). The second experiment was designed to replicate and extend the results obtained in Experiment 1. We addressed the hypothesis that retrieval from secondary memory is involved in performance of WM tasks by examining how the retrieval practice provided by the initial WM task affected longterm retention (relative to a condition without immediate testing). We also examined how retrieval practice effects differed as a function of list length.
Experiment 1 Method
Participants. Twenty-four Washington University undergraduate students participated in exchange for course credit. All participants were native English speakers, except for one who reported speaking English since the age of 4. Participants were screened for normal or corrected-to-normal visual acuity, as well as for color vision deficiencies. Their mean age was 18.9 (SD ϭ 0.9), and their mean score on the vocabulary subtest of the Wechsler Adult Intelligence Scale-Third Edition was 56.6 (SD ϭ 6.8; Wechsler, 1997) .
LOP span task. We developed a new complex span procedure, the LOP span task, to assess whether depth of processing affects WM and LTM in similar or different ways. In this task, participants were presented with lists of to-be-remembered target words, with each target word followed by two processing words presented side by side. Depending on the condition, the participant was to determine which of the processing words was the same color as the target word, which one rhymed with the target word, or which one was semantically related to the target word. We hypothesized that the secondary task (picking a match based on color, rhyme, or meaning) would function like an orienting task in the standard LOP experimental paradigm. Following presentation of the list of target words and their associated processing words, participants attempted to recall the target words in serial order.
As depicted in Figure 1 , a to-be-remembered target word (e.g., BRIDE, presented in red), would be followed by two processing words (e.g., dried, in blue; and groom, in red). Depending on the processing condition, the participant would indicate which processing word matched in color (groom), rhyme (dried), or semantic relatedness (groom) by pressing the left or right labeled key. The color-matching processing word was counterbalanced to appear as the semantic and phonological associate equally often, and blue and red colored words alternated between the left and right positions randomly. Following this response, another target word would be presented (e.g., LEG), followed by two more processing words (e.g., arm and beg). After several target words and pairs of processing words were presented, participants were prompted to recall the target words in order (e.g., "bride, leg"). At issue was whether "deeper" (i.e., semantic) processing would provide a benefit to WM relative to "shallower" (i.e., visual, phonological) processing.
For each condition, 54 monosyllabic target words were selected from the English Lexicon database (Balota et al., 2007) . The mean lengths of the sets of target words for the color, rhyme, and semantic conditions were 4.3, 4.0, and 4.1 letters, and their mean log-HAL frequencies were 10.0, 9.9, and 10.0, respectively; neither difference was significant, Fs(2, 161) ϭ 2.43 and 0.83, ps Ͼ .05. Each target word was paired with a rhyming word obtained from the Washington University (2009) Speech & Hearing Lab Neighborhood Database and with a semantically associated word obtained from the University of South Florida Free Association Norms Database (Nelson, McEvoy, & Schreiber, 1998) . The mean forward-associative strengths for the visual, phonological, and semantic processing sets of target-associate pairs were .49, .45, and .46, respectively; this difference was not significant, F(2, Figure 1 . Example of the levels-of-processing span task for a two item list. Words in uppercase are the to-be-remembered target words. Depending on the condition, the participant was to determine which of the two intervening processing words was the same color as, rhymed with, or was semantically related to the target word. At the end of the trial, the participant was to recall the target words aloud in the order presented. 161) ϭ 0.65, p Ͼ .05. The sets of words were also matched on imageability according to the mean rating from the combined norms from the MRC database (Coltheart, 1981) and the Bristol norms (Stadthagen-Gonzalez & Davis, 2006) . The mean imageability rating for each set was 549, 534, 546, respectively; this difference was not significant (F Ͻ 1).
Procedure. Participants were tested individually. Stimuli were presented on a computer monitor. On each trial a fixation cross appeared where each target word would be presented. The participant began each trial by pressing the space bar when ready, after which a to-be-remembered target word was displayed in either blue or red for 1,750 ms. The participant was to say the word aloud and remember the word for recall at the end of the trial. After a 250-ms blank screen, the target word was replaced by two processing words (i.e., the semantic associate and rhyme, one of which was presented in blue and the other in red).
In all conditions, the participant was to select the appropriate processing word by pressing either the left or the right key to indicate whether the matching word was on the left or right. Prior to testing, the participant was instructed to make each decision as quickly as possible without sacrificing accuracy. After the processing decision was made, the screen was blank for 750 ms before the next target word appeared. At the end of the trial, a green box and a tone cued the participant to recall the target words aloud in the order presented. Participants were told that if they were unable to recall all of the target words, they were to recall as many as possible in the order presented. Before starting the test trials, participants performed four practice trials of two, three, four, and five sets of target and processing words in order to familiarize them with the procedure. Recall responses were recorded by electronic voice recorders for later scoring.
The color, rhyme, and semantic processing trials were blocked by condition, and the order of blocks was counterbalanced across participants. Within each block, there was one trial each of two, three, four, five, six, and seven target words. List length was varied in a pseudorandom order in order to prevent participants from predicting how many words were to be remembered on each trial (i.e., list length did not increase or decrease in a predictable pattern). Between blocks, participants performed nonverbal reaction time tasks involving shape and distance judgments. These tasks were intended to allow a rest from processing verbal stimuli and minimize proactive interference across conditions.
Following the third and final block, there was a filled delay during which participants performed a mental arithmetic task. This task consisted of 15 problems that each involved solving for a term in an equation using either addition or subtraction (e.g., x ϩ 76.31 ϭ 164.89; x ϭ ___?). Upon completion of all of the mental arithmetic problems, which took participants approximately 4 min (M ϭ 3.9, SD ϭ 1.4), they were given a surprise recognition memory test on the target items from the LOP span task.
In the recognition test, participants saw 162 individually presented words: the 81 target words from the three conditions of the LOP span task plus 81 lure words that had not been previously presented. Lures were matched to the target words based on length and word frequency. None of the processing words from the LOP span task were included in the recognition task, and participants were informed of this. For each word, participants were instructed to indicate whether it had been one of the target words from any of the previous conditions. Participants reported old-new decisions by pressing the left mouse button to indicate old and the right button to indicate new (i.e., not presented in any previous part of the experiment). Following each recognition decision, participants provided a confidence rating. They were instructed that pressing the 1, 2, 3, or 4 key on the keyboard indicated definitely old, probably old, probably new, or definitely new, respectively.
Scoring. Performance on the LOP span task was scored in two different ways: memory span (i.e., the maximum number of target words that could be recalled in correct serial order) and the overall proportion of target words recalled, irrespective of their serial position. The latter measure is more typical of traditional LTM experiments. For all experiments the p value was set to .05.
Results
We first verified that participants performed the processing operations required by the LOP span task. The proportion of correct processing decisions was high in all conditions: visual ϭ .94, (SD ϭ .07), phonological ϭ .98 (SD ϭ .03), and semantic ϭ .96 (SD ϭ .05), F(2, 23) ϭ 2.21, ns. Perhaps surprisingly, the LOP manipulation did not significantly influence WM performance (see the immediate test data in the left panel of Figure 2 ). The results of an analysis of variance on the memory span measure failed to show an effect of processing condition, F(2, 23) ϭ 1.3, ns, and similar results were obtained for the overall proportion of words recalled (F Ͻ 1).
1 When processing times for each condition were used as a covariate, the effect of processing was again not significant, F(2, 19) ϭ 1.84, ns.
On the other hand, as can be seen in the delayed test data (see the right panel of Figure 2 ), recognition for the same items revealed a different pattern when it was assessed after a brief delay. Deeper LOP benefited delayed recognition of the same words that were previously processed in the LOP span task, F(2, 23) ϭ 13.48, p Ͻ .001. Semantic processing produced a significant advantage over both phonological and visual processing, ts(23) ϭ 3.65 and 4.60, respectively ( ps Ͻ .01). Phonological processing produced an advantage over visual processing, although this difference did not reach significance, t(23) ϭ 2.05, p ϭ .05. Analysis of the confidence judgments for correctly recognized items showed that the semantic processing condition was associated with greater reported confidence than both the visual and phonological conditions, both ts(23) Ͼ 3.3, ps Ͻ .01, whereas the visual and phonological conditions did not differ from one another, t(23) Ͻ 1.
Discussion
The results of Experiment 1 revealed an interesting dissociation between WM and LTM that conceptually replicates the findings of Mazuryk and Lockhart (1974) . If depth of processing had an effect on WM similar to that typically observed with delayed episodic 1 The LOP span task results were replicated in an independent sample of 24 Washington University undergraduate students, with two trials at each list length in order to estimate performance in terms of a more traditional memory span measure (e.g., Hale et al., 1996) . These spans were 4.4 (SD ϭ 0.8) for the visual condition, 4.0 (SD ϭ 0.8) for the phonological condition, and 4.5 (SD ϭ 0.9) for the semantic condition. Span did not differ across conditions, F(2, 23) ϭ 2.3, p ϭ .10, thus replicating the absence of an LOP effect found in Experiment 1. memory tests, then one might have expected semantic processing to have resulted in better memory performance than phonological and visual processing. However, the present results did not demonstrate this pattern. The semantic condition of the LOP span task did not result in significantly higher WM scores than the conditions that focused processing on more shallow, perceptual features. However, when LTM for those same words was assessed, the classic LOP effect was obtained.
In our experiment, WM was assessed with immediate recall, whereas LTM was assessed with delayed recognition, which may raise the concern that the difference in LOP effects could be due to differences between recall and recognition procedures. Although delayed tests of recall and recognition have both been traditionally used as measures of episodic memory, they are known to differ in many ways (e.g., Haist, Shimamura, & Squire, 1992; Tulving, 1976) . However, using an experimental design that was very similar to that of the present experiment, Mazuryk and Lockhart (1974) found that delayed recall and recognition of items from prior immediate recall tests showed the same pattern of results. Therefore, it is unlikely that the reason our immediate test failed to show an LOP effect but the delayed test did was due to the difference between recall and recognition procedures.
The findings of Experiment 1 suggest that the LOP effect typically observed on explicit tests of LTM does not occur with tests of WM. We consider the difference between LOP effects an interesting dissociation between WM and LTM. One implication of these findings is that WM appears to obey different principles, at least with regard to the effect of LOP. One possible reason is that WM processes may not simply represent a subset of those involved in LTM. An alternate interpretation is that WM and LTM tests rely on different types of retrieval processes. This latter interpretation need not suppose that different "systems" were involved in the different tests, but rather that the demands of the two tests bias the use of different processes.
Before discussing the implications of our research, we sought to provide additional tests of the hypothesis that retrieval from secondary memory is involved in the performance of WM span tasks (Unsworth & Engle, 2007a) . To this end, we conducted a second experiment, which also served to address some methodological concerns that might cloud interpretation of the findings of Experiment 1. These issues will be discussed in turn.
Experiment 2
If WM span tasks do involve retrieval from secondary memory (Unsworth & Engle, 2007a) , why did an LOP manipulation fail to show the classic effect when memory was tested immediately? After all, the LOP effect is ubiquitous in explicit memory tests of long-term retention. The failure to observe an effect of LOP in a WM task may seem especially puzzling given that such an effect was observed when recognition for the same items was assessed after a delay, when secondary memory was certainly involved. Does this pattern indicate that secondary memory was not involved in performing the LOP span task and that the task relied entirely on primary memory? Experiment 2 addressed this question in two different ways.
The first approach was based on the finding that recalling items from secondary memory (i.e., retrieval practice) can have important consequences for the long-term retention of those items (Craik, 1970; Karpicke & Roediger, 2008; Roediger & Karpicke, 2006) . Practice retrieving items from secondary memory results in substantial benefits to long-term retention on later memory tests, even when compared to control conditions in which the items are restudied rather than tested (Karpicke & Roediger, 2008) . Thus, if it is the case that performing a span task does involve retrieving items from secondary memory, then recalling items for the LOP span task should benefit participants' long-term retention compared to a condition in which immediate recall of the words was not required. Importantly, repeated retrieval from primary memory often has little or no effect on a long-term test (e.g., Karpicke & Roediger, 2007; see below) .
To assess whether the LOP span task does provide practice retrieving items from secondary memory, we had half of the participants in Experiment 2 perform the LOP span task as in Experiment 1, whereas we had the other half make the same processing decisions on the same words but we did not have them engage in immediate recall. At issue was whether the group that performed the LOP span task with immediate testing would show less forgetting of the items on a surprise, delayed test than the group without immediate testing. If the immediate testing group were to show less forgetting, this would suggest that performance of the LOP span task provides retrieval practice from secondary memory.
The second way in which Experiment 2 addressed the issue of whether the LOP span task involves retrieval from secondary memory was based on comparing the long-term retention of items from supraspan lists that exceed WM capacity with retention of items from shorter lists that are within capacity limitations. Retrieval from secondary memory should play a larger role in the LOP span task when participants try to maintain and recall items from supraspan lists, compared to when the items are from shorter lists because items from shorter lists are more likely to be reported directly from primary memory (Unsworth & Engle, 2006) . As Figure 2 . Experiment 1: Immediate data are the proportion of target words recalled on the levels-of-processing span task for the visual (color), phonological (rhyme), and semantic conditions. Delayed data are the proportion of target words from the levels-of-processing span task that were called "old" (i.e., hits) on the delayed recognition test. The mean false alarm rate was .30 (SD ϭ .16). Error bars are the standard error of the mean.
previously noted, practice retrieving items from secondary memory results in substantial benefits to long-term retention (e.g., Roediger & Karpicke, 2006) . In contrast, reporting items directly from primary memory does not provide practice that benefits delayed tests, as demonstrated by the negative recency effect and the relative ineffectiveness of rote rehearsal as a mnemonic technique (Craik, 1970; Craik, Gardiner, & Watkins, 1970; Craik & Watkins, 1973; Jacoby & Bartz, 1972; Mazuryk & Lockhart, 1974; Rundus, Loftus, & Atkinson, 1970; Smith, Barresi, & Gross, 1971) .
In the present experiment, it was expected that initial recall would be better for shorter lists. However, because of the increasing involvement of secondary memory as list length increases, we hypothesized that items recalled from longer lists should benefit more from retrieval practice and would subsequently show better long-term retention than would items from shorter lists. In Experiment 1, the mean memory span on the LOP span task was approximately 4.3 items. Therefore, participants in Experiment 2 were presented with four-item lists and eight-item lists. On average, we reasoned that four-item lists should be within WM capacity whereas eight-item lists should be well above span. Thus, maintaining and recalling items from eight-item lists would be more likely to involve retrieval from secondary memory. If this were the case, then this retrieval practice would render items from the longer lists less likely to be forgotten than would those from the shorter lists. Experiment 2 also addressed a possible methodological concern. In Experiment 1, differences existed in the amount of time it took to process words in the various conditions: Phonological (rhymematching) and visual (color-matching) processing decisions both took significantly less time than did semantic processing decisions, and the difference was especially great with visual processing. Table 1 presents the mean reaction times for the different processing conditions for Experiment 1 (as well as for Experiment 2, discussed below). Note that the amount of time that the to-beremembered target words were displayed was the same in all conditions; nonetheless, the differences in the amount of time spent on the processing operations could have affected the results. Although extensive research on the LOP effect suggests that the type of processing is more important than the amount of processing time for later retention (Craik, 2002; Craik & Tulving, 1975) , one might question whether this finding generalizes to the LOP span task.
Therefore, in addition to the semantic and phonological processing tasks used previously, Experiment 2 included a more timeconsuming, shallow processing task: vowel counting. Participants had to count the vowels in the target and processing words and then decide which processing word provided the closest match to the target word in this regard. Pilot data indicated that vowel counting would be more time consuming than semantic processing and thus permit a rigorous test of the hypothesis that the better LTM for semantically processed items from the LOP span task truly reflected the type and not simply the amount of processing that these words received.
Method
Participants. Forty-eight Washington University undergraduate students participated in exchange for course credit. Half were assigned to the condition with immediate testing (i.e., LOP span task), whereas the other half were assigned to the condition without immediate testing (i.e., processing decisions only). All participants were native English speakers, except for two who reported speaking English since the ages of 1 and 3. Participants were screened for normal or corrected-to-normal vision, as well as for color vision deficiencies. The mean ages for the groups with and without immediate tests were 19.8 (SD ϭ 1.4) and 19.8 (SD ϭ 1.0), and their mean scores on the Mill Hill Vocabulary test (Raven, 1958 ) were 14.6 (SD ϭ 1.6) and 14.8 (SD ϭ 1.8), respectively.
Stimuli. Three sets of 36 new monosyllabic target words were selected from the English-Lexicon Project Database (Balota et al., 2007) . The mean word length for each set was 4.2, 4.2, and 4.4 letters and the mean log-HAL frequency for each set was 9.61, 9.65, 9.73; neither difference was significant, Fs(2, 105) ϭ 1.20 and 0.12, respectively ( ps Ͼ .05). Each of the target words was paired with both a semantically associated word obtained from the University of South Florida Free Association Norms Database (Nelson et al., 1998 ) and a rhyming word, obtained from either www.rhymer.com or the Washington University (2009) Speech & Hearing Lab Neighborhood Database. The mean forward associative strength between each target word and its semantic associate (i.e., the semantic processing word) for each set was .366, .369, .378; this difference was not significant (F Ͻ 1). The sets of words were also matched on imageability according to the combined norms from the MRC database (Coltheart, 1981) and the Bristol norms (Stadthagen-Gonzalez & Davis, 2006) . The mean imageability rating for each set was 548, 535, 553; this difference was not significant (F Ͻ 1). We selected the phonological processing words so that targetrhyme pairs would be as orthographically dissimilar as possible (e.g., height-site) in order to increase the duration of rhymematching decisions (Seidenberg & Tanenhaus, 1979) and make them more similar to semantic matching decisions in this regard. To provide a processing word for the visual (vowel) matching condition, we selected the phonological and semantic associates for each target so that one was equal or closer to the target word in number of vowels; the matching word was the phonological associate in half of the instances and the semantic associate in the other half. Participants were instructed not to consider y as a vowel in the experiment. The target words and their processing words were counterbalanced across the three conditions such that each target word was a to-be-remembered word for each of the three conditions of the LOP span task. As in the previous experiment, the order of processing conditions was counterbalanced across participants. The word triads used in Experiment 2 may be found in the Appendix.
Procedure. The procedure was identical to that of Experiment 1 except that participants performed three trials of four-and eight-item lists of target words rather than one trial each of two-, three-, four-, five-, six-, and seven-item lists. Additionally, whether or not recall was required after performing the processing decisions for the lists of four or eight items was varied between participants. That is, half of the participants performed the LOP span task and delayed recognition test just as in Experiment 1, whereas the other half only performed the processing decisions and then the delayed recognition test. The group of participants that did not engage in immediate serial recall tests made the same processing decisions as in the LOP span task, but under the guise of a reaction time experiment. Participants were instructed to make each processing decision as fast and as accurately as possible. Following a set of four or eight of these decisions, a green box appeared. For the group performing the LOP span task with immediate tests, the green box served as the cue to begin recalling the target words. For the processing-only condition, participants were instructed to pause momentarily and continue on to the next trial when ready.
Again, the processing conditions (vowel, rhyme, and semantic) were blocked. Within each block, we varied pseudorandomly list length to try to prevent participants performing the LOP span task from predicting the number of target words to be remembered on a given trial. The order of list lengths was four, eight, four, eight, eight, four. Following the third and final block, all of the participants performed mental arithmetic for a fixed amount of time (10 min), rather than a fixed number of problems as in the previous experiment. Following the 10-min filled retention interval, all participants were given a surprise recognition test.
For the recognition test, the 102 target words that were presented in the LOP span task and 102 new lure words that had never appeared in the experiment were presented individually. Lures were matched to the target words based on length and word frequency. For each word, participants were instructed to indicate whether that word was one of the to-be-remembered target words from any of the three processing conditions. Old-new decisions were made by pressing the 1, 2, 3, or 4 key on the keyboard to indicate definitely old, probably old, probably new, or definitely new, respectively. Accuracy of old and new responses was scored by combining 1 and 2 responses, and 3 and 4 responses, respectively.
Results and Discussion
This section is organized into three parts. The first part concerns the effects of the processing tasks on performance of the LOP span task and on delayed memory for the same items; these results bear on whether the findings of Experiment 1 were influenced by the fact that the semantic processing decisions took longer than the shallower processing decisions. The second and third parts focus on the issue of whether the LOP span task involves retrieval from secondary memory. We contrast LTM for the group with immediate testing (i.e., the LOP span task) with the group that engaged in the same initial processing of items but without immediate testing. Finally we consider how remembering different list lengths for the LOP span task affected subsequent long-term retention of memory items. At issue in both cases is whether the key manipulations (immediate testing and supraspan list lengths) provided the benefits to long-term retention that would be expected if the LOP span task provided practice retrieving items from secondary memory.
Effects of processing on immediate and delayed memory for LOP span task items. The first set of analyses compared immediate and delayed memory performance, and therefore, focused on the group with immediate testing (i.e., the participants who performed the LOP span task). With regard to processing times, the vowel-counting decisions were the slowest, as expected. These data are presented in Table 1 along with the mean reaction times for the processing decisions for Experiment 1 for comparison. Importantly, the vowel-counting processing decisions took significantly longer than did the semantic processing decisions, t(23) ϭ 9.7, p Ͻ .001. The vowel-counting decisions were less accurate than were the phonological and semantic decisions: vowel ϭ .87 (SD ϭ .09), phonological ϭ .98 (SD ϭ .02), semantic ϭ (SD ϭ .03), both ts(23) Ͼ 5.8, ps Ͻ .001. Processing decision accuracies for the phonological and semantic conditions did not differ (t Ͻ 1.0).
Despite the inclusion of a shallow processing task (i.e., vowelcounting) that involved over 700 ms more processing time per item than semantic processing, on average, the pattern of results was similar to those in the previous experiment: Semantic processing did not benefit immediate recall but did benefit delayed recognition of the same items.
The immediate recall data are shown in Table 2 . As in Experiment 1, there was no effect of processing condition, F(2, 23) ϭ 1.89, p ϭ .17. As expected, the proportion of words recalled from four-item lists was greater than from eight-item lists, F(1, 23) ϭ 410.57, p Ͻ .001, but this effect did not interact with LOP (F Ͻ 1). The LOP effect also did not interact with the proportion of words recalled as a function of serial position for either the four-or eight-item lists (both Fs Ͻ 1).
In contrast, delayed recognition for the same items did show an LOP effect, as can be seen in the left panel of Figure 3 . There was a main effect of processing condition, reflecting the fact that semantic processing benefited delayed recognition, F(2, 23) ϭ 3.42, p ϭ .05. There was no effect of list length (F ϭ 1.51, p ϭ .23), and no interaction (F Ͻ 1). The findings with respect to LOP replicate the results of Experiment 1 and extend them by showing that semantic processing benefited delayed recognition despite involving less processing time than vowel counting.
Effects of maintaining items for immediate memory testing. The second set of analyses compared the delayed recognition of participants who performed the LOP span task to those who saw the same words and made the same processing decisions but who did not have to recall the words. We first verified that the group without immediate testing also successfully performed the processing decisions and that vowel processing took significantly longer than semantic processing as well. The proportion of correct processing decisions was high in all conditions: visual ϭ .94, (SD ϭ .04), phonological ϭ .95 (SD ϭ .09), semantic ϭ .96 (SD ϭ .04), F(2, 23) ϭ 1.36, ns. The mean reaction time was significantly longer for vowel-counting processing decisions than for the semantic processing decisions, t(23) ϭ 7.2, p Ͻ .001.
As predicted, immediate testing resulted in better delayed recognition performance (compare the left and right panels of Figure  3) . Participants who had to recall items during the LOP span task subsequently showed better delayed recognition of these same items than did participants who had only made processing decisions, F(1, 46) ϭ 8.63, p Ͻ .01. That is, trying to maintain and then immediately recall words on the LOP span task benefited delayed recognition, consistent with the hypothesis that this task provided retrieval practice. In addition, both groups demonstrated an LOP effect, F(2, 92) ϭ 22.94, p Ͻ .001, reflecting the fact that semantic processing benefited delayed recognition more than did shallower processing. The interaction between processing condition and immediate testing failed to reach significance, F(2, 92) ϭ 2.4, p ϭ .10. There was, however, an interaction between list length and immediate testing that approached significance, F(1, 92) ϭ 3.07, p Ͻ .09, reflecting the fact that the difference between the groups with and without immediate testing tended to be bigger for items from eight-item lists than from four-item lists. This finding suggests that retrieval practice was more beneficial to the long-term retention of words from longer lists. Further evidence consistent with this possibility is presented in the next section.
Analysis of the confidence data for both groups showed that hits (i.e., definitely old and probably old responses) in the semantic processing condition were associated with greater reported confidence than were hits in either the visual or phonological conditions, ts(47) Ͼ 5.6, ps Ͻ .001, whereas the visual and phonological conditions did not differ from one another in this regard, t(47) Ͻ 1.
Differences in long-term retention of four-and eight-item lists. The third set of analyses compared forgetting of items from longer, supraspan lists with forgetting of items from shorter lists. Because these analyses focused on the forgetting of previously recalled items, they examined only data from the group that performed the LOP span task. One piece of evidence suggesting that retrieval from secondary memory benefited delayed recognition is provided by the List Length ϫ Immediate Testing interaction just discussed. Converging evidence comes from comparing the conditional probabilities of failing to recognize previously recalled items from shorter and longer lists. As noted previously, trying to remember a list of items that exceeds the limits of WM capacity is likely to involve retrieval from secondary memory to a greater extent than trying to remember a shorter list, and practice retrieving items from secondary memory benefits long-term retention. Therefore, items from supraspan lists, such as the eight-item lists in this experiment, should be less likely to be forgotten than items from lists that are closer to capacity limitations, such as the four-item lists. Consistent with our hypothesis, items that were initially recalled from four-item lists were less likely to be recognized later than items initially recalled from eight-item lists. The mean hits were .66, for items recalled from four-item lists, and .77, for items recalled from eight-item lists, t(23) ϭ 2.7, p Ͻ .05. Figure 4 illustrates the difference in long-term retention for items initially from four-and eight-item lists for the group that performed the LOP span task. Plotted separately for words from four-and eight-item lists is the proportion of words recalled initially, on the immediate tests, and the proportion of words recognized as old on the delayed recognition test (which includes both words that were not initially recalled as well as those that were). As may be seen, for four-item lists, participants recognized fewer items after the delay than they initially recalled, whereas the reverse was true for the eight-item lists: Participants recognized more items than they initially recalled. Although the level of performance is not directly comparable across immediate recall and delayed recognition tests, the observed pattern reflects the greater forgetting of items from shorter lists, which may have occurred because items from such short lists received less secondary memory retrieval practice than did items from supraspan lists. This result, taken together with the finding that trying to maintain and immediately recall items resulted in better delayed recognition than merely processing the items, provides converging evidence that the LOP span task involves retrieval from secondary memory. This evidence makes the failure to observe an LOP effect in immediate testing seem all the more puzzling, especially given that such an effect emerged in subsequent delayed testing. Although the present results are consistent with the hypothesis that both WM and LTM tests involve retrieval from secondary memory, they also represent a clear task dissociation between WM and LTM.
General Discussion
Two experiments examined whether LOP effects occurred in WM tasks. If WM tasks involve retrieving items from secondary memory, as suggested recently (Mogle et al., 2008; Unsworth, 2009; Unsworth & Engle, 2006 , 2007a , 2007b , then it would seem that the type of processing that items receive when they are initially encoded should have similar effects on WM and LTM performance. However, in neither of the present experiments did deeper (semantic) processing benefit WM performance. Nevertheless, when recognition memory for the same items was assessed after a 5-to 10-min delay, the typical LOP effect was consistently observed. Although this finding points to differences between WM and LTM, other findings point to their similarities. For example, performing the immediate recall tests for the LOP span task resulted in better delayed recognition, relative to performing the same processing operations but without immediate testing (i.e., a testing effect). Finally, words recalled from supraspan lists on immediate tests were less likely to be forgotten later than were words recalled from shorter lists, a result similar to negative recency effects reported in delayed tests (e.g., Craik, 1970) .
Retrieval From Secondary Memory in WM Tasks
Benefits of retrieval practice. One piece of evidence in support of the hypothesis that the LOP span task involves retrieval from secondary memory comes from comparing the effects of trying to maintain and recall items for immediate tests with the effects of processing the items in the same way at encoding but without the immediate test requirement. In Experiment 2, the condition with immediate testing (i.e., the LOP span task), which provided retrieval practice, facilitated LTM for those items on a surprise delayed recognition test, relative to the condition without testing.
This result is similar to the testing effects reported by others (e.g., Carrier & Pashler, 1992; Roediger & Karpicke, 2006) . Tests provide retrieval practice, and repeated retrieval practice has been shown to result in a substantial benefit to long-term retention, even when compared to repeated study (Karpicke & Roediger, 2008; Roediger & Karpicke, 2006) . We believe that the benefits to long-term retention associated with the LOP span task are also the result of retrieval practice, and are consistent with the hypothesis that this task, like other complex span tasks, involves retrieval from secondary memory (D. P. McCabe, 2008; Unsworth & Engle, 2007a) .
Greater benefits from retrieving items from secondary memory. Another piece of evidence in support of the hypothesis that the LOP span task involves retrieval from secondary memory comes from comparing the long-term retention of items from supraspan lists with retention of items from shorter lists. In Experiment 2, words recalled from eight-item lists were less likely to be forgotten following a filled delay than were words from fouritem lists. If immediate recall provides retrieval practice for both supraspan lists and shorter lists, why should their long-term retention differ?
Previous research has shown that retrieval practice does not uniformly benefit delayed retention. Rather, the amount of benefit observed depends upon the extent to which items are retrieved from secondary memory. For example, D. P. McCabe (2008) has shown that retrieving items for simple and complex WM span tasks has different effects on LTM for those items. He had participants perform both a simple span task (i.e., word span) and a complex span task (i.e., operation span) with immediate recall of two, three, or four words per list, followed by a final free recall test for all of the words from those span tasks. On the delayed test, participants recalled more items from operation span lists even though they were less likely to recall these items on immediate memory span tests. This double dissociation is consistent with the hypothesis that complex span tasks involve retrieval from secondary memory to a greater extent than do simple span tasks (Unsworth & Engle, 2007b) .
As mentioned, the differential involvement of secondary memory is presumably because items on simple span tasks are not displaced from primary memory by other secondary task opera- Immediate data are the proportion of target words recalled from four-and eight-item lists on the levels-of-processing span task, collapsed across condition. Delayed data are the proportion of target words from four-and eight-item lists on the levels-of-processing span task that were called "old" (i.e., hits) on the delayed recognition test, collapsed across condition. The mean false alarm rate was .25 (SD ϭ .11). Error bars are the standard error of the mean.
tions. Therefore, items for simple span tasks may be maintained within and reported directly from primary memory. As D. P. McCabe (2008) has shown, the differential involvement of retrieval from secondary memory benefits long-term retention. Importantly, for the present purposes, retrieval from secondary memory is involved to a greater extent for longer list lengths as well (Unsworth & Engle, 2006 , 2007a .
During performance of a WM span task, secondary memory should be involved to a greater extent when one is trying to maintain and recall lists of items that exceed WM capacity (i.e., supraspan lists). Only a few items from such lists are likely to be reported directly from primary memory, while the remaining items must be retrieved from secondary memory (Unsworth & Engle, 2006 , 2007a or the activated portion of LTM (Cowan, 1999) . In contrast, lists of four or fewer items are more likely to be maintained in and reported directly from primary memory. The consequences of this differential involvement of secondary memory are evident in the comparison of long-term retention of items from the eight-item, supraspan lists versus the four-item lists (see Figure 4) . In agreement with D. P. McCabe's (2008) results, long-term retention of supraspan list items was greater than for shorter list items, presumably due to the greater reliance on secondary memory in the former case. The remaining question is this: If complex WM span tasks (such as the LOP span task) involve retrieval from secondary memory, especially for supraspan list lengths, why did depth of processing have negligible effects on immediate recall?
On the Relation Between WM and LTM Unsworth and Engle (2007a) , among others (e.g., D. P. McCabe, 2008; Mogle et al., 2008) , argued that complex span tasks involve retrieval from secondary memory as well as primary memory. As just discussed, several aspects of the current results support this claim. However, the fact that depth of processing had no effect on immediate recall points to a clear difference between WM and LTM. We attempt to reconcile this discrepancy in this section.
One possible reconciliation is to question whether the secondary memory system as conceptualized in the context of WM tasks (D. P. McCabe, 2008; Unsworth & Engle, 2007a ) is the same system as that which has been traditionally conceptualized in the context of LTM tasks. The present study clearly demonstrates that secondary memory, as assessed by short-term and long-term procedures, has different properties (i.e., one does not show an LOP effect and the other does). This raises the possibility that retrieval from the activated portion of LTM has functionally different properties than retrieval of deactivated items.
Another possible solution to the puzzle raised by our results is to argue that different types of retrieval processes are involved in WM and LTM tasks. Performance on immediate (e.g., WM) and delayed (e.g., LTM) tests has long been thought to depend on different types of processes (more specifically, the use of different retrieval cues; e.g., Baddeley, 1966a Baddeley, , 1966b Kintsch & Bushcke, 1969; Shulman, 1970 Shulman, , 1971 . For WM tests, items typically undergo relatively superficial, nonsemantic encoding, which may be adequate for immediate recall; for subsequent (long-term) retrieval of the items, however, semantic encoding is more effective (Craik & Levy, 1970; Craik & Watkins, 1973; Jacoby & Bartz, 1972; Mazuryk & Lockhart, 1974; Tulving, 1968) .
In the present context, even if semantic cues were encoded on the LOP span task (at least in the semantic processing condition), and even if both WM and LTM tests involved retrieval from the same secondary memory system, the demands of the two types of tests may have biased the use of different retrieval processes. That is, because WM tasks require immediate recall, participants try to maintain to-be-remembered items via covert retrieval (D. P. McCabe, 2008) . Thus, it is likely that participants used covert retrieval in all three processing conditions of the LOP span task. Moreover, participants in all three conditions likely focused on and utilized more transient cues (e.g., acoustic, temporal) for the immediate recall tests. The latter possibility is especially likely because all three conditions of the LOP span task required that participants read items aloud and recall them in serial order. Consequently, all conditions involved acoustic and temporal encoding, which provides potent cues for immediate recall (e.g., Craik, 1969; Unsworth, 2009) , and could therefore have resulted in the items being recalled equally well on the immediate tests. With time, however, these cues would be susceptible to decay or interference, revealing the beneficial effects of semantic processing on memory (for a similar argument, see Bartlett & Tulving, 1974) .
The key point is that all conditions of the LOP span task combine processing that is appropriate for immediate recall with processing that is either more or less appropriate for delayed retrieval, depending on the condition (i.e., the orienting task). According to this hypothesis, the effect of depth of processing was initially masked by the effects of active maintenance and acoustic and/or temporal encoding processes on immediate recall and was only revealed subsequently by delayed retrieval.
The preceding account of the present findings is consistent with transfer-appropriate processing theory. According to this theory, the long-term retention of items is determined not only by the depth of processing at encoding, but also by how well the requirements of a subsequent memory test match the processes originally used to encode information (Morris et al., 1977) . The processing that produces the best WM performance (e.g., active maintenance, acoustic, and/or temporal encoding) differs from that which produces the best LTM performance, and thus may result in a transfer of inappropriate processing, in the sense that it produces encoding that is not well suited for later retrieval. We believe that examining the role played by transfer-appropriate processing in the LOP span task provides a fruitful approach for addressing the distinction between WM and LTM. For example, future research should address whether LOP effects would appear on the LOP span task if active maintenance processes were eliminated.
From the perspective of transfer-appropriate-processing theory, the extent to which similarities and differences are observed between performance on WM and LTM tasks should depend on the extent to which the demands of the tasks converge or diverge. Similarities and differences between WM and LTM that were produced by LOP and retrieval practice in the present study may be seen as evidence for matches and mismatches between initial processing and subsequent retrieval requirements.
